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Intermolecular Dipolar Couplings Contribute to Signal What are Intermolecular Zero/Double Coherences in Quantum 
Mechanical Terms?

Intermolecular dipolar couplings is a well-known 
phenomenon. However, such couplings were traditionally 
thought to be averaged out by molecular diffusion. In 
reality, spins separated by distances (rij) much greater 
than distance diffused within measurement time have a 
relatively constant r vector (as shown in figure 1). Thus 
dipolar couplings are NOT averaged out temporally. 

In the 1960s, signals from “impossible” couplings in Nuclear Magnetic 
Resonance sparked the reevaluation of theoretical outlines for NMR. 
Up until the last decade, intermolecular dipolar couplings were argued 
to be averaged out by spatially random diffusion effects in liqu id. 
Although this holds true for proximate spin pairs, dipolar interactions 
between protons separated by large distances as compared to 
average diffusion speed in solution were determined to be the source 
of these observed “impossible” signals. This effect was termed 
Intermolecular Zero/Double Quantum Coherences (iZQC/iDQC) by 
Dr. Warren S. Warren of Princeton University. In contrast, traditional  
MRI/fMRI signal stem from Single Quantum Coherences (SQC). 

After the theoretical basis for quantification of dipolar interactions 
were developed, it was logical to expect and develop methods for
observing  iZQC/iDQC effects in Magnetic Resonance Imaging. 
Quantum filter gradients were added to simple gradient echo and spin 
echo sequences to create CRAZED (COSY revamped with 
asymmetric z-gradient echo detection) sequences.

This method poses novel contrasting capabilities as well as the ability 
to “tune in” to physiological features on par, in size, to what is known 
as the correlation distance, which can be controlled by gradient
strength and duration. On the other hand, signal intensities from 
iZQC/iDQC measurements are significantly smaller than that from 
iSQC measurements. 
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Using the iDQC CRAZED sequence, 
“impossible” NMR signals were 
obtained. Figure 4 shows evolution of 
magnetization vector under 
conventional MR theory following two 
RF and two gradient pulses. 
Projection onto x-y plane should give 
no signal!

Figure 4

Quantification of dipolar interactions proceeded in two directions. The “mean field treatment ” involved modifying the 
Block equations, taking into account magnetic field corrections at each individual point due to dipolar couplings. The 
“coupled spin” treatment is quantum mechanical, involving the insertion of a dipolar Hamiltonian into the total 
Hamiltonian which evolves the entire system (density matrix). 

Both treatments were shown to give the same results [ref.2,3]. However, the “mean field treatment ” is highly 
nonlinear, as can be expected from the large number of spins involved. The “coupled spin” treatment, owing to the 
elegance of quantum mechanics, offers a linear and highly intuit ive picture. We will focus on the “coupled spin”
treatment. Note: the high temperature approximation, which truncates all terms except SQC (or that normally 
observed in MRI) has to be discarded in this method.

In quantum mechanics, mathematical operators are 
defined by operators. Each quantum mechanical 
operator corresponds to a classical observable. For 
example, the Hamiltonian corresponds to total 
observed energy, while the “spin ½” operators 
correspond to spin angular momentum, which is crucial 
in the determination of magnetic dipole moment, and 
thus MRI signal intensity. In a one-spin system, the 
three spin ½ operators can be represented in matrix 
form as --
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In the spin ½ system, a spin can either be in 
the ? ?or ? state. For a ? spin to become a spin 
in the ? state, one quantum of energy must be 
absorbed. Two “ladder operators” are used to  
transform spins between its two spin states. 
These are –

I+ = Ix+ iIy     I+ ???????
I- = I x- iIy       I?????????

I+ 1I-2 = (Ix 1+iI y1)(Ix2-iIy2 ) = Ix1I x2 –iIx1Iy2 + iIx2Iy1 + Iy1I y2

I -1I+ 2 = (Ix 1-iIy1)(Ix2+iIy2 ) = Ix1I x2 + iIx1 Iy2 –iIx2Iy1 + Iy1I y2

Ix 1Ix2 + Iy1 Iy2 ~ I+ 1I-2+ I-1I+2 zero quantum term

Ix 1I2 single quantum term

Ix 1Ix2 -I y1Iy2 ~ I+1I+ 2+ I-1I-2 double quantum term

Ix 1Ix2 ~ (I+ 1+ I-1)(I+ 2 + I -2) = I+1I+ 2+I+1I-2+I-1I+2+I-1I-2

Zero, Single, and Double Quantum 
Coherence Operators 

Creation and Detection of iZQC/iDQC

Creation of 
iZQC, iDQC, 
etc.

Hdipolar turns 
iZQC/iDQC into 
detectable SQC

Tr ( ? Fx ) is 
detected

In quantum mechanics, the entire system can be compactly represented by the 
density matrix, ?. It contains all information concerning the system. RF pulses 
and gradients can viewed as operators that “act” on the density matrix. At 
the end of each pulse sequence, the system has arrived at its final state, while still 
in the form of ?. Depending on what kind of information we are seeking for, 
different basis sets and mathematical operations can be applied to ??to yield 
classical observables. In MRI, we want the magnetization in the x or y directions, 
which is calculated by

Mx = <Fx ? = Tr (?Fx )

where Fx = Ixi?
i

In iZQC/iDQC pulse sequences, the complete Hamiltonian which evolves the 
system has many components. In addition to the usual Zeeman field, chemical-
shift, and J-coupling components, the Dipolar Hamiltonian has been inserted.

H = HZeeman+HRF +HJ-Coupling+HChemical -Shift+Hdipolar

The basic scheme of iZQC/iDQC sequences is as follows : 

?(0) ?(int.) ?(t)

RF

gradients

Free

evolution

Signal

Detection

iDQC CRAZED Sequence and Parameter Optimization

Signal intensity can be written as 

Every spin in the system is designated by a “spin 
½” operator. Interacting pairs of spin can then be 
represented as Ix1Ix2, Ix1Iy2, etc.

Dipolar interaction from individual pairs of spins are miniscule and 
proportional to 1/r3, BUT the number of spin pairs increases with r2. 
Tiny dipolar couplings, when summed over vast number of 
spins, is proportional to 1/r !

Here we first present the origin of iZQC/iDQC from dipolar couplings 
in solution. A brief quantum mechanical outline of the theory behind
iZQC/iDQC is then introduced. Optimum scanning parameters were 
simulated using Matlab 5.3. Finally, images obtained on phantom with 
SE and iDQC sequences are presented.

? ?? ?

? ? ? ?

? ? 2
2

,2
1

220

2
2

,2
1

2

2

21

21221

2

2
021

),(

1cossin),(

T
t

ZQT
t

d

s

T
t

DQT
t

d

s

s

d

eeJeittM

eeJ

eeiMttM

ttiM
ZQ

t
t

titi
DQ

??

??

????

??
?

????

?

???

?

?
?

??
[1] ref.1

1. S. Lee, W. Richter, S. Vathyam , and W.S. Warren, “Quantum treatment of the effects of dipole-dipole interactions in liquid nuclear magnetic resonance ,” J. Chem. Phys. 105 (3), 15 July, 
1996.

2. S. Vathyam , S. Lee, W.S. Warren, “Homogeneous NMR Spectra in Inhomogeneous Fields,” Science 272, 5 April, 1996.

3. W.S. Warren, W. Richter, A. H. Andreotti, B.T. Farmer II, “Generation of Impossible Cross -Peaks Between Bulk Water and Biomolecules in Solution NMR,” Science 262, 24 December, 
1993.

4. J. Zhong , Z. Chen, E. Kwok, “In Vivo Intermolecular Double -Quantum Imaging on a Clinical 1.5 T MR Scanner,” Magnetic Resonance in Medicine 43:335 -341 (2000).

5. J. Zhong , E. Kwok, Z. Chen, “fMRI of Auditory Stimulation With Intermolecular Double-Quantum Coherences (iDQCs ) at 1.5 T,” Magnetic Resonance in Medicine 45:356 -364 (2001).

6. W. Richter, W.S. Warren, “Intermolecular Multiple Quantum Coherences in Liquid, ” Concepts in Magnetic Resonance 12(6) 396-409 (2000).

[2] ref.4

Figure 5

where t1 and t2 are the evolution and detection time, respectively; M0 is the equilibrium 
magnetization;  ? is the resonance offset; J2 is the second order Bessel function; ?s =  

T2,DQ, and T2,ZQare T2 relaxation rates in iDQC and iZQC sequences respectively, which 
might be different from T2; dipolar demagnetizing time ?d=(??? ? ? ??? where ? is the
gyromagnetic ratio and 0?? is the magnetic permeability constant.

iDQC Phantom Images on 3T

As mentioned above, dipolar coupling is a function of the angle ? in relation to the z 
magnetization with which the gradients are applied.

Dij ? 3cos2????
At the so called “magic angle”, ??54.7 ???dipolar coupling between all spins (Dij ) go to zero. 
One would expect very low, if any, signal at the magic angle wit h the iDQC pulse sequence. 
Here we present images collected on silicon oil phantom at 3T machine using Spin Echo EPI 
and iDQC CRAZED EPI sequences at ??0???45 ???and 54.7 ? (magic angle?. T1=1.09s; 
T2=521ms.
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GE 3T scanner. TE=60ms, TR=1s, t1 (dipolar evolution time) = 12ms, FOV=24cm, Slice thickness=10mm, 
Resolution 64 by 64.
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As shown here, when the second RF pulse 
is 60 or 300 degrees, iDQC signal is highest 
at both 1.5 and 3T.

iZQC/iDQC signal requires time to 
“grow” to its maximum value, in 
comparison to single quantum signals 
which appear immediately. Here 
signal is shown across t2 (detection 
time). 

When spins are separated by half a 
helix pitch, or the correlation distance, 
iDQC signal is most significant. Notice 
that correlation distance can be 
controlled with gradient strength and 
duration.

Zero, Single, and Double Quantum 
Transitions

Zero quantum transition 
corresponds to operators 
likeI+ I-

Single quantum 
transition corresponds to 
operators likeI+ a n d I-

Double quantum 
transition corresponds to 
operators likeI+ I+

? ?

? ?

? ? ??

• Nearby spins 
contribute no 
signal (spherical 
symmetry)

• Very distant 
spins also not 
seen (highly 
modulated 
magnetization)

• Separation 
dictated by 
gradient area

• Typical dc
10 ? m – 10mm

iZQC signal from spherical shells
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